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Abstract:
Photocrosslinked hydrogels were fabricated using UV-photopolymerization of
methyl cellulose with molecular weight 335(g/mol) which is a cellulose derivative,
created by addition of (-CH3) bound to the hydroxyl groups of glucopyranose monomers
of the cellulose backbone. After the hydrogels were fabricated, the effect of weight
percent on the swelling ratios was determined. MC hydrogels at 2 and 4% weight percent
displayed higher swelling ratios compared to the 6% weight percent hydrogels. Swelling
ratios ranging from 57.01667 ± 3.79 for 2% and 38.34088 ± 3.88 for 4% confirmed our
initial assumption that the higher the weight percent, the swelling ratios significantly
decreased, since swelling ratios for the 6% were markedly lesser with ratios ranging
between 29.29736 ± 3.65. We characterized the release of Bovine Serum Albumin (BSA)
from MC hydrogels. Protein release studies were conducted, to estimate the cumulative
percent release of BSA at 72 hours from 2, 4 and 6 weight percent hydrogels. The results
concluded that 2% gels, released the maximum amount ( ~94%) at 72 hours when
compared to 4 and 6 % gels, which released (~74%) and (~62%). The protein diffusion
coefficients based on a Fickian release model, were calculated to be between 0.386 x 10-7
to 0.708 x 10-7 cm2/s which is in agreement with the previously established studies done
by Leach et al that with increase in the polymer concentration in hydrogels, values of
diffusion coefficient (De) and De/Do decreases and are in the order of 10-7 cm2/s.
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1. Introduction:
Musculoskeletal, bone and cartilage reconstruction are under extensive
investigation in tissue engineering research [22]. Although a number of biodegradable
and bioresorbable substances are being used for reconstruction, hydrogels are perhaps the
oldest and the safest form of drug delivery systems in terms of biocompatibility and
biodegradability [23]. The principal idea behind the research is to further establish the
competence of hydrogel-based scaffolds as a reliable carrier for drug release and also
their nature to withstand temperatures within the natural denaturation range, since our
main objective is to study the release profile of proteins.

1.1. Hydrogels
In order to accurately understand and model drug release profiles from a material,
it becomes essential to have a quantitative mathematical understanding of material
properties, interaction parameters, kinetics, and transport phenomena within the material
in question. The network structure also plays a key role in diffusional behavior, mesh size
and stability of incorporated drug. It is this well-defined order that enables accurate
network design by identifying key parameters and mechanisms that govern the rate and
extent of drug release. Hydrogels have thus become a premier material used for drug
delivery formulations and biomedical implants, due to their biocompatibility, network
structure, and molecular stability of the incorporated bioactive agent.

1.1.1 Properties of Hydrogels
Hydrogels are water-swollen polymer matrices, with a tendency to imbibe water
when placed in aqueous environment. This ability to swell, under biological conditions,
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makes hydrogels an ideal material for use in drug delivery and immobilization of
proteins, peptides, and other biological compounds. Due to their high water content,
hydrogels resemble natural living tissue more than any other type of synthetic biomaterial
[18]. Hydrogel networks, have a three dimensional structure, crosslinked together either
physically (entanglements, crystallites), or chemically (tie-points, junctions).

1.1.1.1 Mechanical Properties
For non-biodegradable applications, it is essential that the carrier gel matrix
maintain physical and mechanical integrity. Mechanical stability of the gel is, therefore,
an important consideration when designing a therapeutic system. For example, drugs and
other biomolecules must be protected from the harmful environments in the body such as,
extreme pH environment before they are released at the required site. To this end, the
carrier gel must be able to maintain its physical integrity and mechanical strength in order
to prove an effective biomaterial [18]. The strength of the material can be increased by
adding crosslinking agents, and by the addition of plasticizers. There is however, an
optimum degree of crosslinking, as a higher degree of crosslinking also leads to
brittleness and less elasticity. Elasticity of the gel is important to give flexibility to the
crosslinked chains to facilitate movement of incorporated bioactive agent. Thus, a
compromise between mechanical strength and flexibility is necessary for appropriate use
of these materials. [30]

1.1.1.2 Biocompatible Properties
It is important for synthetic materials, such as hydrogels, to be biocompatible and
nontoxic in order for them to be a useful biomedical polymer. Most toxicity problems
associated with hydrogels arise due to unreacted monomers, oligomers and initiators that
2

leach out during applications [30]. To lower chances of toxic effects, the use of initiators
is being eliminated, with the advent of gamma irradiation as polymerization technique.
Steps are also taken to eliminate contaminants from hydrogels, by repeated washing and
treatment. Also, kinetics of polymerization has been studied, so as to achieve higher
conversion rates, and avoid unreacted monomers and side products. [31]

1.1.2 Hydrogels in Drug Delivery
The predominant reason for using hydrogels in drug delivery is their capacity to
imbibe water while maintain their structural integrity. Focus has shifted to developing
injectable materials with abilities to form 3-D matrices under extreme physiological
conditions [18]. With the gel formation triggered by external environmental stimuli such
as pH , temperature, solvent exchange , the capacity of hydrogels to conform to external
stimuli, makes them the most economical and ideal carrier for pharmaceutical formations.
The network structure and the nature of components play a key role in the diffusional
behavior, molecular mesh size changes, and stability of the incorporated bioactive agent.
The use of hydrogels allows not only delivery of drugs, but also controlled release, in the
manner required by the pharmaceutical scientists. For example, drugs can be delivered
only when needed, may be directed to specific site, and can be delivered at specific rates
required by the body. In the last 20 years, advanced drug delivery formulations have been
examined in great detail [18].

3

1.1.3 Applications of Hydrogels in Drug Delivery
Advances in recombinant protein technology have identified several protein and
peptide therapeutics for disease treatment. However, the problem which plagued
researchers was how to effectively deliver these biomolecules. Due to their large
molecular weight, and three dimensional structures, the most commonly used route for
drug administration is by intravenous or subcutaneous injection [18]. Unfortunately
proteins and peptides are prone to proteolytic degradation, thus they experience short
plasma circulation times and rapid renal clearance, leading to multiple daily injections or
increased dosage in order to maintain the required drug therapeutic levels [18]. Multiple
injections are difficult for the patient, while high doses might be toxic, and induce serious
immune response. Hydrophobic polymeric controlled release formulations, such as
PLGA, offer a sustained release mechanism in which drug release rates can manipulated
by changing polymer molecular weight and composition. These polymers however
induce adverse effects to the encapsulated proteins or peptides during network
preparation and delivery [18], as well as trigger the immune response. Hydrophilic
hydrogels, on the other hand, provide relatively mild network fabrication technique and
drug encapsulation conditions, making them the ideal material for use in drug delivery.
Thus, hydrogels are primarily used for encapsulation of bioactive materials and their
subsequent controlled release. If designed properly, hydrogels can be used in a variety of
applications such as sustained, targeted, or stealth biomolecule delivery. Hydrogel-based
delivery devices can be used for oral, ocular, epidermal and subcutaneous application.
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1.2 Cellulose
Cellulose is a polysaccharide which is an FDA approved, naturally occurring
material consisting of a linear chain of several hundred linked glucose monomers, which
can be reabsorbed to the body. As a biomaterial, cellulose is non-toxic, and produces a
very minimal immune response [23]. Cellulose based hydrogels are generally used as
filters for soft tissue augmentation or regeneration , but due to their poor solubility in
water, their extent of usage in the biomedical field is very limited [23]. Synthetic
hydrogels provide an effective and controlled way in which to administer protein and
peptide based drugs for treatment of a number of diseases. A successful drug delivery
device relies not only on competent network design, but also on accurate mathematical
modeling of drug release profiles. The simplest derivative of cellulose, methyl cellulose
(MC), which has methyl groups substituted for hydrogens, forms a clear, viscous polymer
in any aqueous environment [23].

1.2.1 Cellulose-Based Hydrogels
A variety of cellulose-based hydrogels have been used as materials for scaffoldbased drug delivery systems. Carboxymethyl groups (CMC) and Methylcellulose (MC)
are cellulose derivatives, with carboxymethyl groups and methyl groups, respectively,
bound to the hydroxyl groups of glucopyranose monomers of the cellulose backbone
[24]. Network structures are created in these hydrogels, due to the presence of
hydrophilic domains, which are hydrated when present in an aqueous environment.
Cellulose-based hydrogels, have a higher affinity to imbibe water due to the disruption in
formation of intermolecular hydrogen bonds [23].
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1.2.1.1 Methyl cellulose Hydrogel
Methylcellulose-based hydrogels, are non-toxic, biocompatible FDA-approved
material [23]. MC hydrogels are used extensively as drug delivery platforms because of
their unique ability to gel at higher temperatures [24]. Thermal gelation usually reduces
the mechanical integrity of MC hydrogels, hence, at medium to lower temperatures, these
hydrogels are used. The thermo reversibility of MC has been utilized for the
manufacturing of medicinal capsules and coatings for oral drugs. In order to improve
their potential as an injectable biomaterial, MC hydrogels are fabricated using alternative
methods to improve long-term stability and mechanics. The reason behind using MC
hydrogels for our experiments, was their ability to demonstrate lower swelling ratios and
greater compressive modulii, if their weight percentage was increased. Also they would
exhibit lower cytotoxicity with a minimal inflammatory response in vivo [23].
Also MC hydrogels re-create an in-vivo soft tissue environment and enable studies of
stiffness-dependent cell processes [22].

1.2.1.2 Preparation methods of MC based hydrogels:
MC based hydrogels are generally derived using esterification of hydroxyl
groups. Keeping this consideration in mind, various chemical and physical crosslinking
methods are used today for the design of biocompatible hydrogels [32]. Chemically
crosslinked gels have ionic or covalent bonds between polymer chains. Even though this
leads to more mechanical stability, some of the crosslinking agents used can be toxic, and
give unwanted reactions, thus rendering the hydrogel unsuitable for biological use. These
adverse effects can be removed with the use of physically crosslinked gels. In physically
6

crosslinked gels, dissolution is prevented by physical interactions between different
polymer chains [32]. In this paper, the hydrogels were crosslinked via free radical
polymerization on exposure to UV radiation, with the use of a photo initiator to form
crosslinks.

1.3 Release Mechanisms
Several release mechanisms, exist for delivery of soluble factors such as proteins,
drugs etc from a polymeric systems. These include diffusion, degradation, chemically
modified, osmosis etc. Physical mechanisms for delivery are preferred over chemical
mechanisms, since using chemical mechanisms means the soluble factors being delivered
has to be chemically modified to tether it to the polymer, which reduces the stability of
the system [15]. For controlled release, properties of the polymer and the soluble factors
used and the interaction between them is extremely important to consider. Properties of
the polymer worth considering include molecular weight, degree of cross linking,
hydrophobic interaction etc. In this paper, we will be highlighting our method, which is
diffusion controlled release. It simply involves incorporating a soluble factor in the
polymer matrix, and in our case is BSA, and allowing it to migrate out of the matrix
based on a concentration gradient between the surrounding environment and inside the
polymer matrix.
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1.4 Diffusion controlled Release: Matrix and Reservoir Type
There are two different types of release by diffusion, matrix-type and reservoirtype. In, the matrix-type system the protein is uniformly distributed throughout the
polymer, whereas in the reservoir-type system the device has a protein/soluble factor core
which is surrounded by an outer layer or membrane.
We use the matrix-type system in our study. This system contains polymeric
matrices with molecules dissolved or dispersed. The release rate is time dependent and
influenced by the amount of protein initially loaded and the morphology of the polymer
matrix [33]. Release occurs by diffusion of the protein to the surface and is controlled by
the properties of the polymer matrix. When the molecules, in our case proteins, are not
that soluble in the matrix, diffusion must occur within water-filled pores created by the
protein particles themselves. The solid protein particles are first dispersed throughout the
polymer matrix, after which they are dissolved when placed in contact with an aqueous
environment. The molecules instead of diffusing through the polymer phase they diffuse
through the water-filled network, which is created by the solid protein particles [34].
This, in turn, forces the initial loading of the protein molecules to be very high.

1.5 Empirical Models
Mathematical modeling controlled release systems, provides information on
release kinetics and transport process. Diffusion is the most widely used model as it is a
common mechanism for controlled release applications.

8

1.5.1 Diffusion Model
The diffusion model arises from Fick’s Second law of diffusion [25], under the
assumption of 2-D release under perfect infinite slab conditions. Specifically in our case,
we are considering thin slab geometry; the solution can be represented in the following
equations:
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1.6 Delivery of large water soluble drugs (proteins)
Delivery mechanisms over the years have made use of polymer matrices which
can accommodate hydrophobic molecules. But in our case, delivery of proteins which are
hydrophilic are very challenging to deliver effectively, due to their high solubility in
water and are very sensitive agents. Design of control release systems for a protein
should take into considerations properties of the protein such as molecular size, its
conformational stability, its burst release profile etc [15]. Hydrogels with high water
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content are potentially viewed as a protein friendly delivery mechanism. Swollen
hydrogels also serve as a better carrier, as it offers an enhanced area of diffusion for
larger proteins [34]. The downfall of using hydrogels for controlled release applications
is that the release rate is often rapid.

1.6.1 BSA (Bovine Serum Albumin)
Bovine Serum Albumin (BSA) is a single polypeptide chain consisting of about
583 amino acid residues and no carbohydrates. It has a pH between 5-7 and has a
solubility of about 40mg/ml. BSA, which undergoes well-defined and measurable
insoluble aggregation at highly acidic pH, is widely used as a model protein in protein
stability and release studies in various synthetic and natural based polymers. Known as a
popular carrier protein, it has been widely studied in controlled release drug delivery
systems because of its abundance in nature, relatively long half-life, and buffering effect
[37].
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Objectives:
The overall goal of this project was to evaluate methylcellulose hydrogels as
protein releasing matrices which may be used as suitable delivery systems for
pharmaceutically active peptides, proteins and growth factors. In addition, this work will
provide an insight to investigate the hydrogel material properties on protein release.
The objectives are:
(1) To successfully synthesize methacrylated MC hydrogels which can be used for
potential application in soft tissue reconstruction.
(2) To determine the cumulative protein release percent, protein release rate, swelling
properties and equilibrium water content of BSA from MC hydrogel.
(3) To examine the diffusion properties of MC hydrogel using BSA as a model protein
from the protein release data.
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2. Materials & Methods
2.1 Macromer Synthesis
The hydroxyl groups of methycellulose were modified to functionalize the
backbone with methacrylate groups [Figure 1(a)]. A previously published protocol [16]
was followed for esterification of hydroxyl groups and synthesis of methacrylated
methylcellulose solution. A low viscosity (15 cps) Methylcellulose salt (Sigma, St Louis,
MO) was used to prepare MC solution. For MA-MC preparation, 1 gm of
Methylcellulose salt (Sigma, St Louis, MO) was dissolved in 35 ml of 80°C sterile water.
65 m of sterile water at 4°C was added and stirred for 30 minutes yielding a 1 wt% MC
solution. A 10% theoretically modified solution of MC was prepared by reacting
methacrylic anhydride (MA) (Sigma, St Louis, MO) in 20-fold excess. The reaction
continued for over 24 hours at 4°C with periodic adjustments to pH 8.0 using 1N NaOH
(approximately 12 times over the course of the reaction). The solution was dialyzed for
48 hours, filtered through a 40 µm filter and recovered by lyophilization.

Figure 1: Schematic of the synthesis of methacrylated methylcellulose. [16]
12

2.2 NMR Analysis
In order to confirm the percentage of modification of methylcellulose polymer,
NMR analysis (360 MHz, DMX 360, Bruker Madison, WI) was performed on acid
hydrolyzed MC solution. 20 mg of lyophilized sample was dissolved in 20 ml of DI
water. The solution was adjusted to a pH 7 using approximately 150 µl of 1N HCl. The
solution was placed in an oil bath for 2 hours at a temperature maintained at 82°C. The
final pH of the solution was adjusted to 2, and then finally stored in -80°C temperature
overnight. The lyophilized sample was then dissolved in 1ml of D2O prior to NMR
analysis. Molar percent of methacrylation was determined by the relative integration of
the methacrylate proton peaks (methylene, δ = 5.64 ppm and 4.4 ppm and the methyl
peak, δ = 1.8 ppm) to carbohydrate protons. [16]

2.3 Gel Formation
One batch of modified polymer was used to form hydrogel and fabricated in a
custom made glass casting device, i.e. 2% w/v, 4% w/v and 6% w/v. The lyophilized
samples were dissolved in 0.05%

wt% photoinitiator, 2-methyl-1-[4-hydroxyethoxy)

phenyl]-2-methyl-1-propanone (Irgacure 2959, I 2959; Ciba Specialty Chemicals, Basel,
Switzerland). 100 µl from the solution was pippeted into custom made glass casting
device and exposed to UV light for 10 minutes. Confirmatory images were taken of the
MC hydrogels using an Zeiss Axio Cam.
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2.4 In-vitro Hydrogel Protein Release Study
BSA model protein was chosen for encapsulation and controlled slow release
profile study. BSA was dissolved in distilled water to obtain the standard BSA curve with
final concentrations ranging from 0 to 2500 µg/ml. 1% BSA solution was dissolved in gel
solution and vortexed prior to crosslinking. Following a method previously established by
Zhang et al. [11], 1% BSA solution (Sigma, St.Louis, MO) was prepared by dissolving
1.0g of BSA in 100 ml of DPBS on ice. Calculated amounts of MC polymer, according to
the different weight percent, were dissolved in the same photoinitiator, used for gel
fabrication, in 15 ml polypropelyne tubes. The gels, encapsulated with BSA, were
fabricated using the same procedure described by Stalling et al [16]. The gels were
washed and placed in 1 ml DPBS solution in a 12 well plate for 72 hours at 37°C in an
incubator. 100µl of sample solution was withdrawn at specific time intervals and
replenished with 1ml of fresh (DPBS) to maintain a constant volume. The protein content
of each sample was quantified with the BCA protein assay using the Micro plate assay
procedure. The release assay was carried out in triplicates. The BSA release amounts
were plotted as the cumulative percent released over time. The data represent the mean ±
standard deviation of four samples (n=4) of each hydrogel formulation.
BCA method was used to quantify the protein concentration in the release
medium. This method is a detergent-compatible formulation based on bicinchoninic acid
for the colorimetric detection and quantification of total protein [35]. Accordingly,
unknown protein concentration was determined from a standard curve obtained from
samples of known concentration of the same protein, run in a similar fashion in the same
96-well plate. 20µl of each standard or unknown sample with the working range of 02000 µg/ml and 200µl of the working reagent was added to each well and mixed
14

thoroughly on a plate shaker for 30 seconds. The samples were then incubated at 370C for
30 minutes. The absorbance was measured at 562nm on the BioTek plate reader. The
standard curve was generated by maintaining a 1:10 sample to reagent ratio.

2.5 Determination of Rate of BSA released

The protein release rates (R) were calculated for all the samples to determine the
effect of polymer concentration that govern the characteristics of BSA model protein
from MC hydrogels,. Protein release rates were calculated using Equation (1): [27]
Protein Release Rate, R =D2 - D1

(1)

t2 - t1

where

R is the protein release rate between two time points (µg/hr)
D1 and D2 are the amounts of protein released at time t1 and t2, respectively (μg)
t1 and t2 are time points at which protein release was quantified (hours)

2.6 Swelling Ratio Measurements
Equilibrium swelling experiments were conducted to study the swelling properties
of the hydrogels. The swelling ratio Qw, of the hydrogels were determined, following the
method previously done by Stalling et al [16], to better understand the how factors such
15

as macromer density and polymer concentration affected the hydrogel morphology. After
photopolymerization, the hydrogels were allowed to swell with the PBS solution at 370C
for 24 hours. At the end of 24th hour, the MC hydrogels were removed from the swelling
medium and the excess water/swelling medium was removed from the sample surface
with soft tissue paper, the samples were then weighed accurately. The gels were placed in
pre-weighed 1.5ml micro centrifuge tubes. The wet weight Ws, was obtained prior to
freezing at -80°C. Frozen samples were then lyophilized and re-weighed to determine the
dry weight, Wd. The equilibrium swelling ratio was calculated using the following
equation (2):
Qw = Ws/Wd.

(2)

2.7 Calculation of the Effective Diffusion Coefficient
From the protein release data, the effective protein diffusion coefficient (De) was
calculated according to the established methods described by Leach et al. [9]. The early
time approximation of the Diffusion Model was fitted to estimate the diffusion
coefficient, De. BSA-loaded methacrlyated MC based gels are homogeneous matrix
controlled release systems, which can be described by Fick’s law of diffusion. Applying
the appropriate boundary conditions and simplifying for short release times (fractional
release or mass released at time t divided by the mass released at time infinity, Mt/M∞ <
0.6), the effective diffusion coefficients were calculated via a modified form of the Fick’s
Law [25]:
Mt/Mi= 2[Det/πδ2]1/2

16

(3)

solute at infinite time, Mt/Mi is the fractional release, De is the effective diffusion
coefficient, t is time, δ is half of the hydrogel thickness. From equation (3), it follows that
Mt/Mi is directly proportional to t1/2 and a plot of Mt/Mi versus t1/2 would give De. The
diffusion of protein out of a gel sphere can be described as: ∂C/∂t = De ∂2C/∂x2
with the following boundary conditions:
C(-∂<x<∂, t=0) = C0
C(x=±∂, t≥0) = 0
∂C/∂ x(x = 0, t≥0) = 0
where C is the concentration of protein within the hydrogel, x and t are position and time
of release, 2δ is the hydrogel thickness, and C0 is the initial protein concentration in the
hydrogel [9].

2.8 Statistics
Four samples of each hydrogel type were analyzed and all data are reported as the
mean ± standard deviation. Microsoft Excel software was used to calculate the mean and
standard deviation. Single factor analysis of variance (ANOVA) was used to determine
the comparisons of multiple samples and to analyze comparisons between two samples;
the two-tailed Student’s t-test was performed. These results were generated using JMP
4.0.4 (academic) software with a significance level of p < 0.05.
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3. Results and Discussion
The goal of this thesis was to design a MC hydrogel system to deliver BSA
protein over an extended period of time. A model protein, BSA, was used for this purpose
and subsequently, the controlled release BSA was examined and the kinetics of release
mechanism was analyzed by evaluating the diffusive parameters.

3.1 NMR
MC hydrogels needs to be acrylated in order to make cross-linking possible. The
methacrylate group once attached to the MC will form cross-links under UV light.
Previous studies done by Stalling et al [16] have suggested that NMR can be useful in
verifying the percent methacrylation modification of the MC hydrogels. MC was
successfully modified at 5.74% ,methacrylation as verified by 1H NMR shown in Fig 2.

Figure 2: 1H NMR Spectra of the methacrylated modified MC hydrogel performed
on acid hydrolyzed sample.
18

3.2 Structural Images
Stereomicrographs of Gels confirmed that all the afore mentioned gels, retained
their structural integrity, although the 6% hydrogels looked much stiffer in comparison to
their counterparts.

(a)

(b)

(c)
Figure 3: Morphological structures of (a) 2%, (b) 4% and (c) 6% gels formed by
photocrosslinking at 0 hours.
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3.3 In vitro Release of BSA from MC Hydrogels:
Release of protein through a hydrogel matrix can be controlled by many factors,
such as swelling or a release mechanism that involves protein travelling through the
hydrogel only in the regions that are preoccupied by protein [10]. The release of the
model protein from methacrylated MC hydrogels was studied. Fig (4), illustrates the
percent cumulative release profiles of the hydrogel matrices encapsulated with BSA at
different concentrations ranging from 0 to 2500 µg/ml. The study on protein release
profiles of different weight percent photo-crosslinked hydrogels have indicated that 60.34
% (±2.18%) of the total protein encapsulated was believed to have released by 2% gels
within the first 24 hours as compared to 4% and 6% gels which exhibited lower amounts
of protein release of 50.78% (±1.75%) and 40.2% (±1.8%) respectively. While, at the end
of 72 hours, 94.07% (±2.48%) of the total amount of BSA encapsulated was released by
the 2% hydrogels whereas 4% and 6% released 74.38% (±2.92%) and 62.22% (±1.25%)
respectively. The cumulative release of BSA protein from MC hydrogels at different time
intervals (CR) was obtained from the equation (4):
CPR = Mt/Mi * 100
(4)
Where, Mt/Mi is the fraction of protein released. Mt is the cumulative amount of BSA
released at time‘t’ whereas Mi is the amount of BSA loaded on to the hydrogel originally.
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At time ‘t’ 24 hours

At time ‘t’ 72 hours

CPR = Mt/Mi * 100

CPR = Mt/Mi *100

2%

60.34 ± 2.18%

*

94.07 ± 2.48%) *

4%

50.78 ± 1.75%

*

74.38 ± 2.92%

*

6%

40.20 ± 1.8%

*

62.22 ± 1.25%

*

Weight Percent of
MC hydrogels (w/v)

Table 1: Representation of cumulative percent released of different gels at time 24
and 72 hours. The asterisk indicates significant difference (p< 0.05)

Figure 4: Protein Release over 72 hours for 2wt%, 4wt% and 6wt% MC gels.
Statistical Significance is defined as p < 0.05. There is a significant difference of
protein released by hydrogel formulations at time‘t’: 8, 12, 16, 20, 24,36,48,60 and
72 hours.
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3.4 Release Rate
It was observed from the release profile rate graph (Figure.3) that 2%, 4% and 6%
exhibited a triphasic protein release, with an initial burst release (within the first 4 hours)
and a sustained burst release (from 4 to 12 hours) followed by a plateau release (up to 72
hours). Most of the BSA protein was released within the first 12 hours of the study. The
hyrogels with increased concentration of polymer were believed to be associated with
slower release rates. Fig 5.illustrates 2% gels exhibited a higher released rate compared to
4% and 6%. The burst release rate of 2%, 4 % and 6% gels are significantly different at
time 4, 8 and 12 hours. However, from time 24 to 72 hours there is not much significant
difference observed for 4% and 6 % gels. Therefore, it has been observed that as the
weight percent of the hydrogel increases, the protein release rate decreases.

Figure 5: Rate of Protein Release curves over a period of 72 hours. 4 samples were
analyzed for each hydrogel type and each data point represents the average ±
standard deviation of the release rates. The release rate is significantly different at
‘t’: 8, 12 & 16 hours from each other although it is not the same for 4 and 6% gels
from 24 to 72 hours.
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3.5 Swelling Studies
Swelling and hydration of the gels were measured to help fully understand the
release of protein through hydrogels. MC hydrogels were incubated in PBS for
equilibrium swelling and were removed from the swelling buffer after 24 hours, at which
the swelling ratio was calculated. The study illustrated that increasing the polymer
content in each gel decreases swelling ratio, which is attributed to the increased
crosslinking density. As the results indicate, the swelling ratio of 2%, 4% and 6% gels
was calculated to be 57.01667 ± 3.79, 38.34088 ± 3.88, 29.29736 ± 3.65 respectively.
Higher weight percent hydrogels contain a larger concentration of methyacrylated
polymer chains. As more amount polymer is incorporated into the hydrogel, the network
becomes more highly crosslinked, which will physically allow for less swelling. These
gels have higher crosslinking density and reduced porosity which thereby hinders internal
protein environment. On the other hand, lower weight percent gels exhibit a higher pore:
polymer ratio. This enhances their water retention capacity, causes greater swelling and
facilitates unobstructed protein flow. Based on the results indicated by the graphs, it can
be noted that the overall amount of protein released by these photo-crosslinked gels is
inversely proportional to the polymer content. The swelling ratio results of the MC
hydrogels are depicted in Figure.6.

2% gels exhibited the highest swelling ratio

compared to 4%, and 6% gels exhibited the lowest swelling ratio.
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*

Figure 6: Bar Graph Representation of Swelling Ratios of MC gels; the asterisk
indicates significant difference (p< 0.05)

3.6 Equilibrium Water Content
Equlibrium Water Content was calculated from the swelling data. The water
absorbed by MC hydrogels is quantitatively represented by the equilibrium water content
(EWC) where Equilibrium water content = (Ms – M0)/Ms
Here, Ms is the mass of the swollen gel at time t (equilibrium), and M0 is the mass of the
dry gel at time 0. [17]. EWC(s) of all hydrogels were calculated and the values of EWC
are tabulated in Table: 2. The values of EWC in each hydrogel type were in the range of
0.965-0.983 which are greater than the (0.6) 60 percent of the water content of the body.
Thus, the hydrogels showed a similar composition to the body fluid contents in soft living
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tissues. Thus it can be said that photocrosslinked MC hydrogel may be used as a new
material in regenerative medicine.
Weight Percent

Equilibrium Water Content

2%

0.983 ± 0.002

4%

0.973 ± 0.003

6%

0.965 ± 0.004

Table 2: Equilibrium water contents of MC hydrogel

3.7 Correlation between Protein Release and Swelling Studies

Figure 7: Linear Regression Analysis of Cumulative Protein Release Percent vs
Swelling Ratio
To analyze the correlation between the swelling of the MC hydrogels and the
protein release, we plotted a linear regression of the total cumulative percent released
versus the swelling ratio of each hydrogel samples (n=12). As illustrated in the plot
above, the R2 value was determined to be 0.9449 which indicated a strong linear
correlation between the two studies.
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3.8 Diffusion Studies

Figure 8: Representation of the linear fits of the MC hydrogel release from BSA at
Mt/Mi <0.6. Four hydrogels were evaluated in each trial, each data point represents
the mean fractional release of BSA (Mt/Mi ) with ± standard deviation errors. R2
values were found to be within the range of (0.9839-0.9936) in each hydrogel type.
In order to determine the diffusion coefficient (De) of BSA from the release data,
we consider earlier time approximation, of short release studies which is 24 hours in our
study. The commonly used method is the Fick’s Law of Diffusion which is best
applicable to homogenous matrix controlled release systems. According to the
conventional methods previously used by Leach at al. and Hennik et al. [3, 9], for short
release diffusion times, any data falling under cumulative release of 60% (Mt/Mi<0.6)
within the first 24 hours was focused to evaluate the diffusion coefficient. According to
the the Fickian Diffusion model developed by Crank [25], the early time approximation
states that Mt/Mi is proportional to the square root of time. Therefore, equation (3) which
is best fitted to BSA slope of BSA release data i.e. Mt/Mi<0.6 versus the square root of
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time (seconds) enabled us to determine the diffusion coefficient, indicating that there
occurs a diffusion controlled release as shown in Fig.8

The diffusion coefficients were determined from the average slope of four trials
and henceforth the normalized diffusivity, De/Do were calculated by dividing De by the
infinite-dilution diffusion coefficient of BSA in water Do which is 9.14 x 10-7 cm2/s [9].
Release of hydrogels from methacrylated MC hydrogels had diffusion coefficients
ranging from 0.386x10-7 to 0.708x10-7 cm2/s as tabulated in Table 3. As depicted in the
tabular representation in Table 3: the diffusion coefficient values decreased with
increasing polymer concentration. In addition, the normalized diffusion coefficients
De/Doa followed the same trend of decreasing values with increasing polymer
concentration.
Weight % Methacrylated
MC hydrogel

Diffusion
(De)

Coefficient

De/Do a

De (x 107 cm2/s)
2%

0.70832 ± 0.045

*

0.0749 ± 0.00494 *

4%

0.51045 ± 0.0626 *

0.0558 ± 0.00685 *

6%

0.38681 ± 0.0222 *

0.0423 ± 0.00242 *

Table 3: De and D0 for BSA in MC hydrogles calculated from the release profile.
Each bar represents the average ± the standard deviation. The asterisk indicates
that all three hydrogels are significantly different from each other.
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4. Discussion

The NMR analysis on hydrolyzed MC samples confirmed that 5.74 of the
hydroxyl methyl cellulose groups along the backbone were methacrylated.
Photopolymerization results in producing a greater amount of cross linking
thereby forming a densely packed polymer network. It is known from studies by Stalling
et al, that higher weight percent hydrogels contain a higher concentration of
methacrylated polymer chains. The covalent bonds between these chains react under UV
light in the presence of a photo initiator to form a highly cross linked network in an
aqueous state [11].
This study determined that increasing the polymer content in the hydrogel
decreases the net amount of protein released, the release rate and swelling properties.
Linear regression of the total cumulative percent released versus the swelling ratio of
each hydrogel formulation (R2 = 0.9449) indicated a strong linear correlation between the
two studies. Furthermore, consistent with the release profile and swelling studies, the
diffusion coefficients (De) decreased with increase in polymer concentration.
In our study, the in vitro release profiles of BSA encapsulated in MC hydrogels as
illustrated in Fig 4 and 5, the release in 2% and 4% showed that there is a significant
amount of protein released in the first 4 to 8 hours in comparison to 6% gels. However,
there was not much difference in amounts released between 2% and 4 % gels during the
first four hours. This may be attributed to the BSA adsorbed toward the surface of the
polymeric gel matrix. The amount of BSA released was constant from the 24th hour to the
72nd hour.
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It is observed in Fig 5, that the polymer density had an effect on the release rate
which is due to the reduced water uptake of gels, thereby delaying the diffusion of BSA.
A distinctive initial burst occurs in all the hydrogels subsequently followed by a slow and
sustained phase releasing protein from within the gel matrix which is indicative of its
sustained diffusion mechanism. The hydrophobic interactions between the polymer
chains and the proteins encapsulated in the hydrogel, causes a denser network formation,
hindering the permeability of the encapsulated BSA, thereby resulting in a slower release
rate [36].
The standard method of evaluating the protein release from the carrier materials is
to determine the Diffusion Coefficient by the Fickian Law of Diffusion. The
experimental results of the protein release profiles in our study are in agreement with the
theoretically predicted results as depicted in Fig.5. The release of BSA protein from the
methacrylated MC hydrogels followed the 2nd law of Fickian Diffusion under the
assumption of near-zero concentration boundary conditions as described in Leach et al
[9]. The calculated normalized diffusion coefficients were plotted with respect to the
concentration of the polymer density. The values of De were found to be significantly
less than the infinite-dilution diffusion coefficient, Do of BSA in water at 370C. The De
and normalized infinite-dilution De/Do values from the MC hydrogel were found to be
decreasing with increasing polymer concentration which is in agreement with the
previous established studies by Leach et al. for other release systems using similar
hydrogels.
For photocrosslinked hydrogels the release behavior is known to be affected by
the equilibrium water intake in the systems, the degree of substitution and the protein
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size. MC hydrogels offer a sustained release mechanism in which drug release rates can
be manipulated by changing polymer concentration, weight and composition.
Photopolymerization is a very common method of generating mechanically stable
hydrogels by introducing covalent bond between polymer chains [16]. Higher weight
percent hydrogels contain a higher concentration of methacrylated polymer chains, which
directly affects the protein kinetics, stiffness, swelling behavior, porosity and equilibrium
water content of the gel. This is because when the degree of substitution is increased, it
results in more functional groups available to form more crosslinks upon photo
polymerization. Pre encapsulation of biomolecules prior to in situ hydrogel formation
may help to overcome the challenges faced with more sensitive bimolecular such as
proteins. Photopolymerized MC hydrogel is now considered a versatile platform in
biomedical applications ranging from drug delivery to dermal fillers and protein
immobilization.

5. Conclusions:
The basis of this thesis was to explore the physical properties of hydrogels as a
delivery system for wound healing and tissue reconstruction. Over the course of
completing the thesis studies it was confirmed hydrogels as a safe system. It was shown,
that increasing the weight percent of the polymer in the hydrogel matrix, not only
decreased the swelling ratios of the hydrogels, but reduced the total cumulative release of
the proteins and diffusion coefficients (De). Hydrogels have been shown to exhibit
excellent biocompatibility, therefore extending the duration of release in hydrogels is a
persistent challenge which has to be addressed. Also, due to their tunable degradation
profiles, hydrogels should be used in developing controlled release systems, where
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delivery of the protein or soluble factors can be modulated in applications which require
delivering specific doses over time.
In conclusion, a straight-forward method was reported for synthesizing a
selectively degradable hydrogel system that presents unique advantages for
bioengineering applications requiring soft hydrogels with tunable physical and
biochemical properties. Further research into the structural and biological properties of
MC hydrogels considering the previous and current research confirm the versatility of
MC hydrogels as a suitable platform in applications ranging from drug delivery to dermal
fillers and protein immobilization. Future work will examine the effect of hydrogel
degradation, in terms of a composite system releasing bioactive proteins, antiarrythmic
drug like Lidocaine, anti-inflammatory agents such as Interleukin-10 (IL-10) and various
other growth factors etc.

31

6. References
[1] Jennifer L. West, Jeffrey A. Hubbell. Photopolymerized hydrogel materials for drug
delivery applications. Reactive Polymers 25:139-147, 1995

[2] N.A. Peppas, R.E.P. Simmons. Mechanistic analysis of protein delivery from PVA
systems. J.Drug.Del.Sci.Tech.14:285-89, 2004

[3] W.E.Hennink, H. Talsma, J.C.H. Borchert, J. Demeester. Controlled release of
proteins from dextran hydrogels. Journale of Controlled Release. 39:47-55,1996

[4] Mercedes Delgado, Carsten Spanka, Lisa D. Kerwin, Paul Wentworth, and Kim D.
Janda. A tunable hydrogel for encapsulation and controlled release of bioactive proteins.
Biomacromolecules. 3:262-271, 2002

[5] N.A. Peppas, Y.Huang, M.Torres-Lugo, J.H.Ward, J.Zhang. Physicochemical
foundations and structural design of hydrogels in medicine and biology.
Annu.Rev.Biomed.Eng 02:9-29,2000

[6] Jung H. Han, John M. Krochta, You-Lo Hsieh, and Mark J. Kurth. Mechanism and
characteristics of protein release from lactitol-based cross-linked hydrogel. J. Agric. Food
Chem. 48, 5658-5665, 2000

[7] Laney M. Weber, Christina G. Lopez, Kristi S. Anseth. Effects of PEG hydrogel
crosslinking density on protein diffusion and encapsulated islet survival and function. J.
of Biomedical Materials Research Part A. 720-729, 2008

[8] Hsiang-Fa Liang, Min-Hao Hong, Rong-Ming Ho, Ching-Kuang Chung, Yu-Hsin
Lin, Chun-Hung Chen, and Hsing-Wen Sung.Novel method using a Temperaturesensitive polymer (MC) to thermally gel aqueous alginate as a pH-sensitive hydrogel.
Biomacromolecules.5:1917-1925, 2004
32

[9] Jennie B. Leach, Christine E. Schmidt. Characterization of protein release from
photocrosslinkable hyluronic acid-polyethylene glycol hydrogel tissue engineering
scaffolds. Biomaterials 26:125-135, 2005

[10] Michael B. Mellot, Katherine Searcy, Michael V. Pishko. Release of proteins from
highly cross-linked hydrogels of poly (ethylene glycol) diacrylate fabricated by UV
polymerization. Biomaterials 22: 929-41, 2001

[11] Narayan Bhattarai, Hassna R. Ramay, Jonathan Gunn, Frederick A. Matsen, Miqin
Zhang. PEG-grafted chitosan as an injectable thermosensitive hydrogel for sustained
protein release. Journal of Controlled Release. 103: 609-24, 2005

[12] Benton C Martin, Eric J Minner, Sherri LWiseman, Rebecca L Klank and Ryan J
Gilbert. Methylcellulose and agarose hydrogel blends for nerve regeneration applications.
J.Neural Eng. 5:221-231, 2008

[13] R.J. Russel et al. Mass transfer in rapidly photopolymerized PEG hydrogels used for
chemical sensing. Polymer. 42:4893-4901, 2001

[14] Serra, L., J. Domenech, and N.A. Peppas. Drug transport mechanism and release
kinetics from molecularly designed PEG hydrogels. Biomaterials. 27:5440-5451, 2006

[15] P.I,Lee. Diffusional release of a solute from a polymeric matrix-approximate
analytical solutions. Journal of Membrane Science. 7:255-275, 1980

[16] Simone S. Stalling, Sunday O. Akintoye, Steven B. Nicoll. Development of
photocrosslinked methylcellulose hydrogels for soft tissue reconstruction. Acta
Biomaterialia 5: 1911-18, 2009

33

[17] Erdener Karadag, Omer Baris Uzum, Dursun Saraydin. Water uptake in chemically
crosslinked poly acrylamdie gydrogels. Materials and Design 26:265-70, 2005

[18] Todd R. Hoare, Daniel S. Kohane. Hydrogels in drug delivery: Progress and
challenges. Polymer 49:1993-2007, 2008

[19] Shalu Suri, Christine E. Schmidt. Photpatterned collagen-hyaluronic acid
interpenetrating polymer network hydrogels. Acta Biomaterialia 5:2385-97, 2009

[20] A.A. Haroun, N.R. El-Halawany. Encapsulation of bovine serum albumin within βcyclodextrin/gelatin-based polymeric hydrogel for controlled protein drug release. IRBM
31:234-41, 2010

[21] Silviya P. Zustiak, Jennie B. Leach. Characterization of protein release from
hydrolytically degradable poly(ethyleneglycol) hydrogels. Biotechnology &
Bioengineering. 108:197-206, 2010

[22] Hutmacher, D. W. Scaffold in tissue engineering bone and cartilage. Biomaterials,
21, 2529-2543, 2000

[23] Sarkar N, Walker LC. Hydration-dehydration properties of methylcellulose and
hydroxyproplymethylcellulose. Carbohydrate Polymers 27:177-85, 1995

[24] Lombardo L, R Reeves, A Ribeiro, JB Leach. Crosslinked carboxymethtylcellulose
hydrogels: Versatile platforms for studying cellular behavior in 3D biomaterials. 30:25,
2007

[25] Crank J. The mathematics of diffusion. Oxford. Oxford University Press; 1975

34

[26] Jason A. Burdick, Cindy Chung, Xinqiao Jia, Mark A. Randolph, and Robert Langer.
Controlled degradation and mechanical behavior of photopolymerized hyaluronic acid
networks. Biomacromolecules.6:386-391, 2005

[27] Kytai Nguyen, Abhimanyu Sabnis. Factorial analyses of photopolymerizable
thermoresponsive composite hydrogels for protein delivery. Nanomedicine 5:305-315,
2009

[28] Shuguang Zhang, Sotirios Koutsopoulos, Larry D. Unsworth, Yusuke Nagai.
Controlled release of functional proteins through designer self-assembling peptide
nanofiber hydrogel scaffold. PNAS, 106:4623-28, 2009

[29] http://www.sigmaaldrich.com/catalog
[30] Dong In Ha, Sang Bong Lee, Moo Sang Chong, and Young Moo Lee. Preparation of
Thermo-Responsive and Injectable Hydrogels Based on Hyaluronic Acid and Poly (Nisopropylacrylamide) and Their Drug Release Behaviors. Macromolecular Research.
14:87-93, 2006

[31] Miyamoto T, Takahashi, S., Ito, H., Noishiki, Y. Tissue Biocompatibility of
cellulose and its derivatives. J Biomed Mater Res 23: 125-33, 1989 et al. (1989)

[32] L. Li, P. M. Thangamathesvaran, C. Y. Yue, K. C. Tam, X. Hu, and Y. C. Lam. Gel
network structure of methylcellulose in water. Langmuir. 17:8062-8068, 2001

[33] J. Siepmann, F. Siepmann. Mathematical modeling of drug delivery. International
Journal of Pharmaceuticals. 364:328-343, 2008

[34] Satlzman et al. (2001) Controlled drug delivery systems.
[35] BCA Microplate Assay Protocol Guide
35

[36] H. Tamber, P. Johansen, H. P. Merkle, and B. Gander. Formulation aspects of
biodegradable polymeric microspheres for antigen delivery. Advanced Drug Delivery
Reviews 57: 357-376, 2005.

[37] Michnik, K. Michalik, and Z. Drzazga. Stability of bovine serum albumin at
different pH. Journal of Thermal Analysis and Calorimetry 80: 399-406, 2005

36

